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We report a comparative study of the magnetic properties of polycrystalline hollow c-Fe 2 O 3 nanoparticles with two distinctly different average sizes of 9.2 6 1.1 nm and 18.7 6 1.5 nm. High-resolution transmission electron microscopy images reveal the presence of a shell with thickness of 2 nm and 4.5 nm for the 9.2 nm and 18.7 nm nanoparticles, respectively. The field-cooled hysteresis loops show interesting features of enhanced coercivity and horizontal and vertical shifts associated with the polarity of the cooling field for both types of nanoparticles. While the anomalously large horizontal shifts and open hysteresis loop in a field as high as 9 T observed for the 9.2 nm nanoparticles corresponds to a "minor loop" of the hysteresis loop, the loop shift observed for the 18.7 nm nanoparticles manifests an intrinsic "exchange bias" (EB). Relative to the 18.5 6 3.2 nm solid nanoparticles, a much stronger EB effect is achieved in the 18.7 nm hollow nanoparticles. Our studies point to the importance of inner and outer surface spin disorder giving rise to surface anisotropy and EB and reveal a perspective of tuning EB in hollow magnetic nanoparticle systems. Exchange bias (EB) in magnetic nanostructures is a topic of great current interest. [1] [2] [3] [4] [5] Several groups have focused on anomalous magnetic behavior in ferrite nanoparticles induced by surface spin disorder such as hysteresis loops exhibiting EB and high field irreversibility. [6] [7] [8] [9] [10] [11] [12] [13] [14] An explanation for this behavior is that when a large enough fraction of atoms reside at the surface of a particle, the broken exchange bonds are sufficient to induce surface spin disorder thus creating a core-shell structure made of the ferrite core with a shell of disordered spins. 2, 6 These disordered spins can take on a number of configurations, one of which can be chosen by field-cooling the particle to induce an EB effect. It is thought that the lowest energy configuration of surface spins in the zero-field cooled condition of a spherical particle is the one in which the spins point in the radial direction from the particle. 6, 10 The energy required to rotate these spins contributes to the enhanced coercivity below the spin freezing temperature as well as "open," irreversible hysteresis up to high fields. 6, 7, 9 Although experimental studies have provided some evidences of surface spin disorder in fine particle systems, 6 ,10 the origin of the surface spin configuration remains under discussion. 2, 11, 13 Recently, attention has been paid to an interesting class of hollow nanoparticles, which are composed of randomly oriented grains clumped together to form a hollow sphere. [14] [15] [16] [17] [18] [19] These nanoparticles have potential applications in memristors, hyperthermia agent in nanomedicine, and targeted drug delivery.
14 The hollow nanoparticles are often synthesized utilizing the Kirkendall effect, which is associated with the difference in the diffusivities of atoms at the interface of two different materials causing supersaturation of lattice vacancies. 20 Since both inner and outer surfaces of a hollow nanoparticle contribute to enhance its total surface area, this type of nanoparticle usually exhibits very high surface anisotropy K s , which contributes to the effective anisotropy (K eff ) of the whole system via K eff ¼ K c þ 6K s /D, where K c is the anisotropy associated with the core spins and D is the mean diameter of the nanoparticle. Jaffari et al.
14 showed that relative to a solid nanoparticle of NiFe 2 O 4 (the diameter of $8 nm), a hollow nanoparticle (the diameter of $8 nm and the shell thickness of $2 nm) possessed an increased surface area giving rise to enhanced spin disorder, surface anisotropy, and EB. Cabot et al. 16 also reported that owing to their high surface anisotropy, c-Fe 2 O 3 hollow nanoparticles (the diameter of $8.1 nm and the shell thickness of $1.6 nm) exhibited small magnetization, large coercivity, and no magnetic saturation on external magnetic fields up to 5 T. While a very strong shift of the hysteresis loop, over 0.3 T, was observed for the c-Fe 2 O 3 hollow nanoparticles when cooling the particles in a field of 5 T, this observed loop shift was attributed to the "minor loop" phenomenon, 16 rather than an EB effect. 18 Interestingly, their Monte Carlo simulation study predicts that if the number of surface spins increases, the low-temperature magnetic behavior would be dominated by the crystallographic anisotropy. 16 All this raises up a very fundamental and important question: Can one tune "minor loop" to "exchange bias" effects in c-Fe 2 O 3 hollow nanoparticles by varying the number of surface spins (the thickness of the shell)?
To address this emerging question, we have performed a comparative study of c-Fe 2 O 3 hollow nanoparticles with two distinct different sizes of 9.2 6 1.1 nm (the shell thickness of $2 nm) and 18.7 6 1.5 nm (the shell thickness of $4.5 nm). In addition to the "minor loop" behavior observed for the 9.2 nm hollow nanoparticles, similar to the case of Cabot et al., 16 we have observed an intrinsic EB effect in the 18.7 nm hollow nanoparticles. As compared with the 18. is found to be associated with the presence of the inner surface spins. Our studies demonstrate, the possibility of tuning "minor loop" to "exchange bias" effects in c-Fe 2 O 3 hollow nanoparticle systems by varying the number of surface spins (varying the shell thickness of the hollow nanoparticles). This is of practical importance as such nanostructures can be ideal for use in applications where their anisotropic magnetic properties can be controlled using the so-called "exchange bias" mechanism. 5, 19 A detailed description of the synthesis of c-Fe 2 O 3 hollow nanoparticles that we have studied in the present work was reported elsewhere. 21 Briefly, thermal decomposition of iron pentacarbonyl at high temperature in air-free environment is employed to produce core/shell structured iron/iron-oxide nanoparticles. The hollow nanoparticles were produced by further oxidizing the core/shell nanoparticles which became hollow via the so-called Kirkendall effect. Figure 1 shows transmission electron microcopy (TEM) and high-resolution TEM images of the synthesized hollow nanoparticles. A representative graph of the histogram of the particle sized populations as observed from the TEM image is also included in the inset of Fig. 1(a) . From a histogram analysis of the TEM images, the average particle size is estimated to be 9.2 6 1.1 nm and 18.7 6 1.5 nm for the two synthesized hollow nanoparticle samples. These size distributions are also checked to be consistent with the observed blocking temperatures in the dc magnetic characterizations. The high-resolution TEM images clearly show that these hollow nanostructures are composed of randomly oriented grains that stick together to make a hollow shell. The shell thicknesses of the 9.2 nm and 18.7 nm particles are determined to be about 2 nm and 4.5 nm, respectively.
The magnetic properties of the synthesized hollow nanoparticles were measured using a commercial Physical Properties Measurement System (PPMS) from Quantum Design. Figure 2 shows the temperature dependence of zero-fieldcooled (ZFC) and field-cooled (FC) magnetization for the 9.2 nm and 18.7 nm hollow nanoparticles at an applied field of 10 mT. We have observed that the overall shape of the FC and ZFC curves of the 9.2 nm hollow nanoparticles with a shell thickness of 2 nm is similar to that reported by Cabot et al. 16 for the 8.1 nm hollow nanoparticles with a shell thickness of 1.6 nm and by Schevchenko et al. 18 for the 11 nm hollow nanoparticles with a shell thickness of 2 nm. The temperature at the ZFC peak, often defined as the blocking temperature (T B ), is determined to be about 60 K for the 9.2 nm hollow nanoparticles. This value of T B is smaller than that of the 11 nm hollow nanoparticles (T B $ 65 K) 18 but larger than that of the 8.1 nm hollow nanoparticles (T B $ 34 K). 16 Noticeably, this value is much higher than that of the 7 nm solid maghemite nanoparticles having a similar particle volume (T B $ 20 K) reported by Shendruk et al. 10 This has been attributed to the enhanced anisotropy energy and/or magnetic interactions among domains within each hollow particle. 16, 19 Using the crystallite size determined from the TEM image (Fig. 1) and the experimentally observed value of T B (Fig. 2) , we have quantitatively estimated the magnetic anisotropy energy from the standard expression, K eff V ¼ 25k B T B , where K eff is the effective anisotropy, V is the particle volume, and k B the Boltzmann constant. For the 9.2 nm hollow particles with a 2 nm thick shell, the estimated value of K eff is 7.1 Â 10 7 erg/cc, which is about two orders of magnitude larger than that of the 7 nm solid nanoparticles 10 (K eff $ 1.2 Â 10 5 erg/cc) and is three orders of magnitude larger than that of bulk maghemite 22 (K eff $ 4.7 Â 10 4 erg/cc). This can be understood by considering the fact that in the case of small nanoparticles, the atoms/ spins lying at or near the surface could cause a great enhancement of the surface anisotropy, magnetic frustration, and spin disorder. Spin canting at the surface ions of ferrite magnetic nanoparticles has been revealed by Mossbauer   FIG. 1 . Bright field TEM images of (a) 9.2 nm and (b) 18.7 nm hollow nanoparticles along with the size distribution and SAD corresponding to iron oxide and HRTEM. The histogram of the particle sized populations as observed from the TEM image of the 9.2 nm hollow nanoparticle sample is also included in the inset of (a).
FIG. 2.
The zero-field-cooled (solid symbols) and field-cooled (open symbols) magnetization versus temperature M(T) curves for 9.2 nm (spheres) and 18.7 nm (squares) hollow nanoparticles at an applied field of 10 mT. spectra in applied fields. 23 The surface effects are even more pronounced for the hollow nanoparticles due to the availability of extra surface layers (inner layer) and at the interface between randomly oriented grains in the shell. Thus, the large particle anisotropy obtained for the hollow nanoparticles can be attributed to the enhanced contribution from both surface and finite size effects. 2, 16 For the case of the 18.7 nm hollow particles with a 4.5 nm thick shell, the obtained value of T B is 150 K, which is much larger than that of the 9.2 nm hollow particles with a 2 nm thick shell (T B $ 60 K). However, the value of K eff estimated for the 18.7 nm hollow particles with a 4.5 nm thick shell (8.5 Â 10 6 erg/cc) is smaller than that of the 9.2 nm hollow particles with a 2 nm thick shell (7.1 Â 10 7 erg/cc). This suggests a larger number of disordered surface spins in the 9.2 nm hollow particles than in the 18.7 nm hollow particles. This hypothesis is supported by considering the difference in the surface to volume ratios of the two sizes. The 9.2 nm hollow nanoparticles have the surface to volume ratio of 0.56, which is about twice higher than that of the 18.7 nm hollow particles (0.28). This is also reconciled with the room temperature and low temperature M(H) data that show a non-saturated magnetization behavior for the 9.2 nm hollow particles ( Fig. 3(a) ), in contrast to the 18.7 nm hollow particles ( Fig. 3(b) ). The 18.7 nm hollow particles have a room temperature maximum magnetization of 22.1 emu/g that increases to 24.7 emu/g at 50 K, whereas the 9.2 nm hollow nanoparticles have a room temperature maximum magnetization of only 1.2 emu/g that increases to 3.8 emu/g at 50 K. These values of magnetization are much lower than that of bulk c-Fe 2 O 3 ($80 emu/g), 22 giving a clear indication of the high magnetic frustration and high fraction of surface spins present in the hollow particles. A monotonic increase in magnetization with respect to the applied magnetic field for both loops taken at 300 K and 50 K (Fig. 3(a) ) clearly indicates a larger contribution from paramagnetic susceptibility in the case of the 9.2 nm hollow particles.
In order to quantify the superparamagnetic (SPM) and paramagnetic (PM) contributions to the magnetic moment, the experimental M(H) data were fitted to the Langevin function with an added linear term (Eq. (1)) to extract the paramagnetic contribution to the magnetization
where M S SPM is the saturation magnetization of the SPM part and l is the average magnetic moment of SPM particles. C PM is the susceptibility of the paramagnetic contribution that is linear with the magnetic field H. The experimental data and fitted curves are displayed in Figs. 4(a) and 4(b) for both types of hollow particles. It can be seen that for the case of the 9.2 nm hollow nanoparticles, SPM susceptibility contributes to only 13% of the total magnetic moment, while the rest of it (87%) comes from the paramagnetic susceptibility. SPM susceptibility contributes 97% to the total magnetic moment and the only 3% contribution comes from the PM susceptibility. Since a highly linear contribution to the magnetization results mainly from the uncompensated spins at the shell surfaces and crystallite interfaces, these results once again suggest a larger number of disordered surface spins present in the 9.2 nm hollow particles than in the 18.7 nm hollow particles. 16 This can quantitatively explain the nonsaturation feature of magnetization and the smaller value of magnetization for the 9.2 nm hollow particles, as compared to the 18.7 nm hollow particles.
As we discussed above, as a consequence of broken exchange bonds and lower crystal symmetry, spins near the surface of a nanoparticle are highly disordered and the layer of these disordered surface spins may enter a spin-glass-like state at a low temperature below which a shift in the hysteresis loop (the so-called exchange bias) is often observed as the particle system is cooled from a temperature above T B in the presence of a magnetic field. It has been reported that 7 nm solid c-Fe 2 O 3 nanoparticles undergo a spin-glass-like transition at $15 K below which the surface anisotropy sharply increases and EB occurs resulting from a strong exchange coupling between the shell of disordered spins and the core of ordered spins. 10 To investigate these effects in the present hollow nanoparticles, both samples (the 9.2 nm and 18.7 nm hollow particles) were cooled from 300 K down to low temperatures in different magnetic fields. As shown in Fig. 5(a) , the unusually large horizontal and vertical shifts in the M(H) loops occur for the 9.2 nm hollow particles in a cooling field as high as 9 T. Due to their very high anisotropy field, the M(H) loops are not closed as the maximum applied field was not sufficient to saturate the magnetization of the sample. As a result, the obtained values of coercive field (H c ) might not be a true representation of the intrinsic coercivity. 24 Similar behavior was also observed for the 8.1 nm hollow c-Fe 2 O 3 particles. 16 In both cases, since the maximum applied field is lower than the irreversibility field, the observed loop shift must correspond to a minor loop of the hysteresis loop, rather than an EB phenomenon. As compared with the 7 nm solid c-Fe 2 O 3 particles, 10 a much stronger loop shift has been observed for the 9.2 nm hollow particles in our study and for the 8.1 nm hollow particles by Cabot et al. 16 and for the 11 nm hollow particles by Schevchenko et al. 18 This can be attributed to a larger portion of disordered spins locating at the innermost or outermost surfaces of the shell and at the interfaces between crystallographic domains. It is very interesting to note that unlike the case of the 9.2 nm hollow particles, the loop shift observed for the 18.7 nm hollow particles represents an intrinsic EB effect. For this sample, the EB field H E is calculated to be about 96 mT and the coercive field H c is 1.36 T at 5 K. This value of H E is about 35 times larger than that of the 7 nm solid c-Fe 2 O 3 particles (H E $ 2.7 mT at 5 K in a field of 2.5 T). 10 These results clearly point to the important role of inner and outer surface spins in enhancing the observed EB effect in the hollow nanoparticles.
Although the presence of inner surface spins is believed to play an important role in enhancing the EB in c-Fe 2 O 3 hollow nanoparticles, no experimental work has been made to verify this hypothesis. Therefore, in the present work we attempt to elucidate this through a comparative study of the EB effect in two types of nanoparticles: the 18.5 nm c-Fe 2 O 3 solid nanoparticles and the 18.7 nm c-Fe 2 O 3 hollow nanoparticles. The 18.5 6 3.2 nm solid nanoparticles were synthesized by annealing their corresponding hollow nanoparticles. 14 These particles have a relatively broad size distribution due to the fact that particles annealed in the form of the dried powder particles could be agglomerated to some extent. A representative TEM image of this sample is shown in the inset of Fig.  5(b) . Having assumed an equal number of outer surface spins for both types of particles, one would expect that due to the absence of inner surface spins, the 18.5 nm solid nanoparticles should show a smaller EB effect as compared to the 18.7 nm hollow nanoparticles. As shown in Fig. 5(b) , for the same cooling field of 2 T, at 5 K the EB field of the 18.5 nm solid nanoparticles (H E $ 14 mT) is about 7 times smaller than that of the 18.7 nm hollow nanoparticles (H E $ 96 mT). This result clearly points to the important role of inner surface spins in enhancing the EB effect in the c-Fe 2 O 3 hollow nanoparticles. We note that the Monte Carlo simulation study shows that the magnetic exchange interactions between spins with different crystallographic easy axis inside the shell have a noticeable but not dominant influence on the hysteresis loops. 16 In summary, we have studied the magnetic properties of c-Fe 2 O 3 hollow nanoparticles with two distinct different sizes of 9.2 6 1.1 nm (the shell thickness of 2 nm) and 18.7 6 1.5 nm (the shell thickness of 4.5 nm). Our studies reveal that by varying the thickness of the shell (varying the number of surface spins), it is possible to tune the anisotropic field and EB field in hollow nanoparticle systems. The origins of the strong anisotropy energy and exchange bias effect observed in these systems are associated with the large portion of disordered spins locating at the innermost or outermost surfaces of the shell and at the interfaces between crystallographic domains.
